Mycobacterium tuberculosis that does not respond to isoniazid and rifampicin, so the condition worsens continuously and creates difficulties for treatment by public health control programmes, especially in developing countries. The real time polymerase chain reaction (PCR) combined with agarose gel electrophoresis or strip tests is useful molecular tools for diagnosis of MDR-TB. Novel loop-mediated isothermal amplification (LAMP) can also detect drug resistance, which is a one-point mutation, by designing inner primers of 5 end specific with the mutant. Au-nanoprobes on hybridisation with LAMP products containing target-specific sequences remain red, whereas test samples without specific sequences in the probe turn purple due to salt-induced aggregation of the Au-nanoprobes. In this study, a strategy was designed based on the LAMP of a DNA sample coupled to specific Au-nanoprobes, which showed the potential to provide a rapid and sensitive method for detecting isoniazid resistance at katG gene position 315 (G→C). 46 clinical samples were tested and showed 100% specificity and sensitivity compared with Genotype5 MDR-TB Plus. This method was advantageous because it is rapid, cheap, specific, and sensitive. Further, it does not require thermal cycles for MDR-TB detection.
Introduction
Mycobacterium tuberculosis (MTB) infection has become an emerging global health concern. According to the World Health Organisation (WHO) Global Tuberculosis Report 2012, there were an estimated 8.7 million cases of TB in 2011 [1] . Worldwide, 3.7% of newly diagnosed incidences and 20% of cases which have previously been treated are thought to be a form of tuberculosis which has developed resistance to multiple drugs (MDR-TB), defined as resistance to at least isoniazid (INH) and rifampicin (RMP). In 2011, there were an estimated 630,000 cases of MDR-TB among 12 million prevalent cases of TB [1] . The biggest challenge in any control and treatment system for TB is MDR-TB. It is estimated that MDR-TB constitutes about 5% of all TB cases worldwide. A significant parameter utilised to describe the phenotype of drug resistant strains of MTB, including MDR strains, is the enzymatic activity of the catalase-peroxidase system.
The last decade has witnessed the development of the LAMP DNA amplification approach, which can be applied instead of conventional PCR [2] and which offers the advantage of greater speed as well as being more sensitive, specific, and cost-effective [3, 4] . Once under way, the reaction is able to proceed on the basis of the strand displacement capability of the Bst DNA polymerase. The temperature remains constant throughout, and only one enzyme is required for the test. Novel loop-mediated isothermal amplification (LAMP) can also detect drug resistance, which is a one-point mutation by designing an inner primer of 5 end specific mutant [5, 6] .
Nanoparticle-based assays represent a current trend in DNA detection [7] . In particular, Au-nanoparticles (AuNPs) have unique optical properties that make them suitable for the design of labelled Au-nanoprobes. They offer advantages in that they are inexpensive and afford visual detection, unlike more conventional methods of detection such as those used in fluorescence or radioactivity-based assays. Previous work in colorimetric detection approaches using Au-nanoprobes coupled to LAMP has been described [8] . Recently, the combination of LAMP amplification and AuNP probes detection has been developed successfully for detection of the mutations associated with rifampicin resistance in MTB [9] . However, this experiment conducted an analysis in terms of the absorbance ratio and assay on the spectrophotometry, so it would not be convenient for detection of INHr-TB in field samples. The instant study demonstrated that LAMP amplification combined with the Au-nanoprobes system took less than 75 min to yield a colorimetric result, observed for detection of INHr-TB using a suitable eye detector.
In this study, the researchers designed a strategy based on an Au-nanoprobe detection protocol combined with loopmediated isothermal amplification (LAMP) for the rapid and discriminatory detection of MDR-TB and TB strains as well as for the simultaneous characterisation of the presence of mutations associated with isoniazid resistance. In conducting field analysis, the speed and heightened specificity of LAMP, along with its isothermal profile, make this approach ideal for DNA sample amplification in comparison with standard PCR. This method is advantageous because it is swift, inexpensive, specific, and sensitive to MDR-TB detection. It could be convenient for detection of MDR-TB in field samples as well.
Materials and Methods

Sample Preparation.
The 46 clinical samples were provided by the Bureau of Tuberculosis, which operates under the Department of Disease Control, Thai Ministry of Public Health. All clinical samples were identified as katG gene mutations associated with INH resistance by using Genotype MDR-TB Plus (Hain Lifescience GmbH, Nehren, Germany). There were 31 samples of TB with INH resistance, 15 samples with INH susceptibility, and H37RV strain used as negative control. However, Genotype MDR-TB Plus detection was confirmed after conventional methods detected cultures on Lowenstein-Jensen (L.-J.) medium after 8 weeks. After that, all samples were extracted DNA for LAMP amplification using a modified method from Rienthong et al. [10] . Briefly, one loopful of cells was first suspended in distilled water (300 L) before undergoing 20 min of subsequent heat treatment at a temperature of 95 ∘ C in Thermoblock. Sonification was then performed for 15 min using an ultrasonic bath at the highest speed setting. The samples were then sent to a standard centrifuge containing an aerosol-tight rotor for 5 min spinning at 10,000 ×g. The LAMP amplification stage involved the use of a supernatant.
Primers and Probe Designed Specific katG Gene of INHr-TB.
The LAMP primers for amplification of specific katG genes in MTB were synthesised from Bio Basic Canada Inc. using the manual designed and primer-designing software Primer Explorer Ver. 3 (Eiken Chemical Co., Ltd.). The primer sets consisted of outer primers (F3 and B3) and inner primers (FIP and BIP). The directions and details for the primers are shown in Table 1 and Figure 1 .
All oligonucleotide DNA probes and complementary DNA targets for the detection of MDR-TB and MTB were designed based on the nucleotide sequence of katG gene retrieved from NCBI (Accession number X68081.1). The gene had 4,810 base pairs. Nucleotide sequences at positions 2,924-2,938 (15 bp) were selected for synthesis of the DNA probe and specificity to the DNA target of MDR-TB and MTB. For DNA probe synthesis, the linker of d(A 10 ) was added to the 5 end with the thiol (Table 1 ). The accuracy of the probe was confirmed using a BLAST nucleotide-free program provided by NCBI. The probe was specific to MTB putative secretion system-associated gene clusters. This probe was a thiol-modified oligonucleotide at the 5 end to form an SH group and gold atom with formation of an S-Au bond interaction. The thiol-labelling probe was synthesised from Bio Basic Canada Inc. ∘ C in order to deactivate the enzyme and thus cause the reaction to stop. The resulting LAMP products were then stored at a temperature of 4 ∘ C. They were analysed for LAMP products by 2% agarose gel electrophoresis in a 0.5x Tris Borate EDTA (TBE) buffer at 100 volts and observed under a Maestrogen Ultra Slim-LED blue light transilluminator by MaestroSafe Nucleic Acid Gel Stain Sample (Maestrogen).
LAMP Amplification of the
Gold-Nanoparticle Synthesis.
Prior to the preparation of AuNP preparation, the glassware involved underwent treatment using aqua regia (Sigma-Aldrich) in order to alleviate the problems caused when AuNPs stick to the vial surfaces, thereby lowering the effective concentrations in the vials. AuNPs were prepared by modifying a method used by Liu and Yi [11] and Suebsing et al. [12] . Briefly, 1 mM hydrogen tretrachloroaurate trihydrate (Sigma-Aldrich) was stirred and mixed in 250 mL of distilled water while vigorously boiling prior to adding 38.8 mM of sodium citrate tribasic dihydrate katG315 MT probe
The directions and details of LAMP primers for amplification of a specific katG gene of M. tuberculosis. (Sigma-Aldrich). The solution was subsequently permitted to cool until reaching room temperature. The cooling phases were marked by a colour change in the solution, starting from yellow and then turning to clear, before changing again to black, then purple, and finally a deep red. The diameter of the AuNPs was about 15 nm with a surface plasmon band centre at 520 nm. It was stored at 4 ∘ C prior to use. All reagents and solvents were of the highest purity. Millipore MilliQ water (18 M Ωcm −1 ) was used in all experiments.
Au-Nanoprobe Conjugated with a DNA Probe.
The thiolated DNA probe was conjugated with Au-nanoparticles using a method reported by Mirkin et al. [13] . Initially, 20 L of the 100 M thiolated DNA probe was incubated with 4 mL of 10 nM Au-nanoparticles in a shaker at 100 rpm and 45 ∘ C for 24 hours in the dark. Then, the solution was added to 0.1 M NaCl, 10 mM phosphate buffer (pH 7), and 10% SDS. Subsequently, it was shaken at 100 rpm at 45 ∘ C for 48 hours. It was centrifuged at 13,000 rpm for 30 min to remove excess reagents. The precipitate was washed twice with 500 L of resuspension buffer containing 10 mM PBS (pH 7.4), 150 mM NaCl, and 0.1% SDS, after which it was resuspended in 50 L of the same buffer. The fully functionalised DNAAu-nanoparticle conjugations (Au-nanoprobes) retained the same colour as the unmodified Au-nanoparticles with no visible aggregates. It was stored at 4 ∘ C until used. The Au-nanoprobe solution was confirmed by UV/Vis spectroscopy. The peak for Au-nanoprobes was at 520 nm and its calculated concentration was the optimal amount for detection, which was approximately 10.8 nM.
Optimal Hybridisation of Au-Nanoprobes with LAMP
Amplicons. For hybridisation, diluted LAMP products, from 1 to 9 L each, were mixed with the diluted Au-nanoprobes complex in equal volume. The mixture was hybridised at 61 ∘ C for 10 min. After hybridisation, 0.7 M MgSO 4 was added to the mixture in equal volume to induce aggregation of the Au-nanoprobes at room temperature for 5 min. The solution's colour change was discerned by direct observation. The complex solutions of Au-nanoprobe/LAMP products were determined by UV/vis spectra at 520 nm for confirmation. 4 for Detection by Colorimetric Assay. The optimal concentration of MgSO 4 for detection by colorimetric assay was determined. After hybridisation, 5 L of MgSO 4 was added variously from 0.3, 0.5, and 0.7 M to the mixture in equal volume to induce aggregation of Au-nanoprobes at room temperature for 5 min. The solution's colour change was witnessed by direct observation.
Optimal Concentration of MgSO
Detection by Colorimetric Assay.
Colorimetric assay was performed in a final volume of 15 L containing a fixed volume at 5 L of LAMP products from samples mixed with 5 L of Au-nanoprobe complex. The mixture was hybridised at 61 ∘ C for 10 min. After hybridisation, 5 L of 0.7 M MgSO 4 was added to the mixture to induce aggregation of Aunanoprobes at room temperature for 5 min. The solution's colour change was witnessed by direct observation. The complex solutions of Au-nanoprobe/LAMP products were determined by UV/vis spectra at 520 nm for confirmation. The positive samples were observed as being of a reddishpurple colour, whereas the negative samples were observed as being of a bluish colour. Water was used as negative control. If the water was observed to be reddish-purple, the performance of the system was considered invalid.
Clinical Samples Test.
The forty-six clinical isolates used were obtained from tuberculosis cluster, Bureau of AIDS-TBSTIs, including 31 samples of TB with resistance to INH and 15 susceptible to INH. Additionally, one strain of H37RV was used as negative control. Genotype MDR-TB Plus detection was confirmed after conventional methods detected cultures on a Lowenstein-Jensen (L.-J.) medium after 8 weeks. DNA was extracted from cultures with the modified method mentioned previously (Rienthong et al.) and used for LAMP amplification. The LAMP combined Au-nanoprobe assays used for identification of 46 clinical samples in this study were detected individually using the colorimetric assay compared to the standard Genotype MDR-TB Plus assays.
Results
The authors created a two-stage approach with its foundation in both the molecular signatures of the MDR-TB members and also the most widely encountered mutations related to INH resistance in MTB. The key step of the process involved the LAMP amplification of a katG gene fragment followed by its hybridisation using specific Au-nanoprobes. The katG locus shared by all members of MDR-TB were targeted and a probe specific to MDR-TB members was designed (katG315 MT probe). One additional set of probes specific to the most common point mutations associated with INH resistance (katG315) was also synthesised. Each set was composed of the complement to the mutation.
Optimal LAMP INHr-TB Reaction.
The researchers determined the optimal temperature for LAMP INHr-TB reaction to detect a specific katG gene of MDR-TB. The optimisation of LAMP products detected in the optimum temperature was carried out at 61 ∘ C (Figure 2 ) and the optimal concentration of MgSO 4 was used for the LAMP reaction to detect the specific katG gene of MDR-TB. The LAMP reaction was carried out at 4 mM MgSO 4 . The optimum concentration of dNTP for LAMP reaction was carried out at 1.6 mM of concentration dNTP. The LAMP detection of MDR-TB showed a limited condition at 10 −3 dilution of the DNA templates (genomic DNA) for LAMP tests performed under optimised conditions (Figure 3 ). 4 for Detection by Colorimetric Assay. MgSO 4 concentration was used for detection by colorimetric assay of a specific katG gene of MDR-TB. The positive samples of a reddish-purple colour (no colour change) were formed with 0.5 and 0.7 M of MgSO 4 ( Figure 4) . For colorimetric assay, the colorimetric reaction was carried out with 0.7 M of MgSO 4 concentration and the colorimetric reaction was followed with the concentration described above. The solution's colour change was witnessed by direct observation.
Optimal Concentration of MgSO
Optimal Hybridisation for Au-Nanoprobe Assay.
The researchers determined the optimal hybridisation of 5 L LAMP products with 5 L of Au-nanoprobe complex. The mixture was hybridised at 61 ∘ C for 10 min. Then, 5 L of 0.7 M MgSO 4 was added to induce aggregation of Au-nanoprobes at room temperature for 5 min. The solution's colour change was observed directly ( Figure 5 ). These conditions were used for the assay. blue (Figures 6(a)-6(b) ). The data derived from UV-Vis spectroscopy performed on the samples as shown in Figure 6 (c) support the hypothesis related to visual discrimination of the sample being aggregation induced. The sample which contained MDR-TB genomic DNA clearly revealed an absorbance peak characteristic of Au-nanoprobes at 520 nm. This was because the free conduction band electrons of the dispersed particles become collectively excited. In the control samples and negative samples, the existence of a broad absorbance spectrum indicated a peak shift denoting a longer wavelength (≥600 nm) as the particles in the aggregates undergo coupling.
Au-Nanoprobes Colorimetric
Application of the LAMP Combined Au-Nanoprobes Assay for INHr-TB Detection.
All clinical samples were used for detection of the katG gene (31 positive samples and 15 negative samples were confirmed by Genotype MDR-TB Plus), which were then assayed for positive sample presence of polymorphism in codons 315 of the katG gene (g→c) (Figures  7-10) . The Au-nanoprobe results were compared to those obtained via Genotype MDR-TB Plus summary in Table 2 . The Au-nanoprobe assay showed sensitivity and specificity at 100% in a test compared with Genotype MDR-TB Plus.
Discussion
On the basis of the MDT-TB members' molecular signatures along with the most frequently observed mutations linked with INH resistance in M. tuberculosis, the authors established a two-stage process involving LAMP amplification of a katG gene fragment followed by hybridisation using specific Au-nanoprobes. The katG locus shared by all members of MDR-TB was targeted and a probe specific to INHr-TB members was designed (katG315 probe). In this study, the researchers designed a strategy based on the LAMP of DNA samples coupled to specific Aunanoprobes. It showed the potential to provide a rapid and specific method for detection of isoniazid resistance (INHr) at katG gene position 315 (G→C). The researchers determined the optimal temperature for LAMP reaction in the detection of specific katG gene of INHr-TB at 61 ∘ C for 60 min. The MgSO 4 and dNTP concentrations were optimised because they were able to influence LAMP reactions, as described previously [2] . It was also found that at least 4 mM MgSO 4 was required in the LAMP reaction, although inhibition could result in higher than 10 mM MgSO 4 due to reduced activity of the Bst 2.0 warm start DNA polymerase and destabilisation of the DNA helix [2] . The dNTP mix at 0.8 mM was minimal for the LAMP reaction under the optimal MgSO 4 concentration. The researchers found the optimal condition for LAMP reaction at 4-6 mM MgSO 4 , 0.8-1.6 mM dNTP mix, and 2. LAMP detection of MDR-TB showed a limited condition at 10 −3 dilution of the DNA templates (genomic DNA) for LAMP tests performed under optimised conditions. This corresponded to the detection of DNA template limits for LAMP of MDR-TB members via the Au-nanoprobe assay.
Specific hybridisation between the LAMP amplicons combined with Au-nanoprobes resulted in the formation of a three-dimensional polymeric network of non-cross-linked Au-nanoprobes that prevented them from forming close aggregates. Thus, they maintained their deep red colouration when salt was present. However, when the Au-nanoprobes were left unprotected, aggregation took place when salt was present in the blank and in the negative control which contained the noncomplementary DNA. The absorbance spectrum consequently experienced a quantum shift, which could be observed in the form of a colour change to blue from the original red [8] . However, this method was 2-step LAMP test; we must open the cover of the reaction tube in order to add Au-nanoprobes. In this time, there is the risk of the contamination of the LAMP products in other samples. For this reason, the Au-nanoprobe reacted with LAMP amplicons contamination could not overcome negative result that contamination is a rare event. Moreover, the LAMP amplification inactivated the enzyme by heating at 95 ∘ C for 2 min in terminating the reaction. The optimisation tests revealed the importance of the ratio between LAMP amplicons and Au-nanoprobes, since this would influence whether the detection of hybridisation between Au-nanoprobes and LAMP amplicons would succeed and also whether it might be reproducible. The most suitable ratio was shown to be 5 : 5 L. The salt concentration (5 L of 0.7 mM MgSO 4 ) used to promote aggregation after the hybridisation step was critical as well. In addition to colorimetric reaction, confirmation of the LAMP products/Au-nanoprobe complex solutions was determined by UV/vis spectra at 520 nm for confirmation.
The Au-nanoprobe system proposed in this study was capable of detecting MDR-TB members and mutations associated with isoniazid resistance, while also being easy to perform without the need for expensive and complex laboratory set-ups previously studied [14] . It is important that the MDR-TB members and mutations within the katG gene should be quickly and accurately identified, since this aids the predication, at a high confidence level, of whether or not the strain under examination is MDR-TB.
In summary, the researchers designed a strategy based on Au-nanoprobe detection protocol combined with LAMP for the rapid detection of MDR-TB strains as well as simultaneous characterisation of the presence of mutations associated with isoniazid resistance. In field analysis, it was shown that the application of LAMP to carry out the DNA sample amplification was highly appropriate since the greater specificity and speed, along with the isothermal profile, resulted in a more effective approach in comparison with standard PCR. This method was advantageous because it was quick, cheap, specific, and sensitive for MDR-TB detection. It could be convenient for the detection of MDR-TB in field samples as well.
Conclusions
The goal of creating simple but robust portable platforms for molecular diagnosis has attracted considerable attention, since it will support the fight against TB in peripheral laboratories and at point-of-care facilities. The Au-nanoprobe system proposed in this research was capable of detecting not only MDR-TB members but also mutations which are linked with isoniazid resistance (INHr). It offered the advantage of being simple to use and did not require expensive wellequipped laboratory facilities. MDR-TB members and mutations within the katG gene could be quickly and accurately identified, which represents a significant advantage since it allows predictions regarding the identity of a strain to be made with a higher degree of confidence. This ensures that patients carrying MDR-TB can be quickly diagnosed, isolated, and treated, thereby reducing the problem of noncompliance. In tests, it was shown that, in comparison with the Genotype MDR-TB Plus TB assay, Au-nanoprobes were able to correctly confirm the presence MDR-TB DNA in 100% of samples. Following LAMP amplification, the combined Au-nanoprobe system took less than 75 min to yield a colorimetric result using a suitable eye detector. In addition, tests were carried out to assess the potential use through a portable assay platform, confirming the suitability of the approach for field screening. Further studies may be required in order to optimise the validation methodology and to determine the best approach for the direct application to clinical samples. The concept should also be extended to be applied in the case of other mutations which have been linked to drug resistance.
